Background. Vitamin D deficiency is known as an important risk factor for mortality in patients with chronic kidney disease (CKD). Nevertheless, the association of renal function itself with vitamin D status or serum 25-hydroxyvitamin D (25OHD) level has not been investigated thoroughly. Methods. We examined the association between the estimated glomerular filtration rate (eGFR) and serum 25OHD levels using data from the 4th Korean National Health and Nutritional Examination Survey 2008. Generalized additive models (GAMs) were used to examine the relationship between eGFR and serum 25OHD levels and to estimate a threshold value of eGFR that predicts changes in serum 25OHD levels.
Abstract
Background. Vitamin D deficiency is known as an important risk factor for mortality in patients with chronic kidney disease (CKD). Nevertheless, the association of renal function itself with vitamin D status or serum 25-hydroxyvitamin D (25OHD) level has not been investigated thoroughly. Methods. We examined the association between the estimated glomerular filtration rate (eGFR) and serum 25OHD levels using data from the 4th Korean National Health and Nutritional Examination Survey 2008. Generalized additive models (GAMs) were used to examine the relationship between eGFR and serum 25OHD levels and to estimate a threshold value of eGFR that predicts changes in serum 25OHD levels.
Results. The mean serum 25OHD level was 20.4 6 9.1 ng/mL, and the overall prevalence of vitamin D deficiency was 29.9% in this population. The prevalence of vitamin D deficiency began to increase at eGFR levels <45 mL/ min/1.73m 2 . After adjustment, the logistic regression of dichotomized eGFR levels with a cut-point of 45 mL/min/ 1.73m 2 yielded an increased odds ratio for vitamin D deficiency. Additionally, the continuous relationship between eGFR and 25OHD levels was explored using GAMs adjusted for various confounding factors. In this analysis, the difference from the mean serum 25OHD started to increase below an eGFR threshold of 55.4 mL/min/1.73m
Introduction
Vitamin D deficiency or insufficiency is a highly prevalent condition that is estimated to affect 1 billion people worldwide [1] . A recent study using data from a large populationbased survey suggested a growing vitamin D deficiency epidemic during the past decade [2] . In addition, this common condition with growing prevalence has been implicated in many adverse health consequences, including cancer progression, hypertension, cardiovascular diseases, autoimmune diseases, insulin resistance and diabetes [3] [4] [5] [6] [7] . Thus, identifying subjects at a high risk of vitamin D deficiency and providing proper supplementation may provide considerable public health benefits.
Vitamin D deficiency is more common in patients with renal dysfunction than in those with normal renal function [8] , and numerous studies have shown that vitamin D deficiency is associated with the progression of renal dysfunction as well as cardiovascular and overall mortality in patients with chronic kidney disease (CKD) [9] [10] [11] [12] [13] [14] . Nevertheless, limited information is available on the association of renal function with serum levels of 25-hydroxyvitamin D (25OHD) or the prevalence of vitamin D deficiency. Furthermore, there is no consensus on the estimated glomerular filtration rate (eGFR) below which serum 25OHD levels are decreased independent of other potentially confounding variables. Indeed, although current clinical practice guidelines recommend maintaining serum 25OHD levels >30 ng/mL in CKD patients with eGFR <60 mL/ min/1.73m 2 , these recommendations appear to be limited by a lack of consideration of the epidemiological pattern of vitamin D deficiency or changes in 25OHD levels according to renal function [15, 16] . In addition, limited epidemiologic data exist regarding factors that contribute to vitamin D deficiency in east Asian populations even though geographical, cultural and racial differences may affect vitamin D status [2, 17, 18] .
In this cross-sectional study, we sought to assess the level of renal function that is independently associated with vitamin D deficiency. In addition, we aimed to evaluate the continuous relationship between renal function and serum 25OHD levels and to elucidate a threshold eGFR value that independently predicts changes in serum 25OHD levels in the representative Korean adult population using data from the 4th Korean National Health and Nutritional Examination Survey 2008 (KNHANES IV).
Materials and methods

Study population
This study used data obtained in the second year (2008) of the KNHANES IV, which was conducted by the Korea Centers for Disease Control and Prevention. The KNHANES IV was a cross-sectional survey that was representative of the civilian non-institutionalized population of South Korea from 2007 to 2009 and used a stratified multistage cluster design. The survey consisted of a health interview and examinations, including laboratory tests, and a nutritional survey. In the second year of the KNHANES IV, 12 528 individuals in 4600 households were sampled, and 9744 of them participated in the survey. For the present study, the analysis was restricted to 6529 adult participants who were aged !20 years and provided serum 25OHD and creatinine levels. Because the current study analyzed public domain data from KNHANES IV, additional institutional approval was not required.
Study variables
To measure laboratory parameters, blood samples collected during the survey were properly processed, promptly refrigerated and transported in cold storage to the central laboratory (NeoDin Medical Institute, Seoul, Korea). Serum 25OHD levels were measured using a Radioimmunoassay Kit (DiaSorin Inc., Stillwater, MN) with a gamma counter (1470 WIZ-ARD; Perkin-Elmer, Finland). Vitamin insufficiency was defined as a serum 25OHD level of 15.0-29.9 ng/mL, and vitamin D deficiency was defined as levels <15.0 ng/mL [19, 20] .
Serum creatinine, high-density lipoprotein (HDL) cholesterol, lowdensity lipoprotein cholesterol and triglycerides were measured using a Hitachi 7600 analyzer (Hitachi, Tokyo, Japan). Serum creatinine measurements were performed using the kinetic Jaffe method. Since the creatinine assay was not calibrated to be traceable to an isotope dilution mass spectrometry (IDMS), eGFR was calculated using the [21] . Demographic variables included gender, age and residential area. The residential area was categorized as either urban or rural. Urban areas included Seoul and the surrounding metropolis in addition to six metropolitan cities. The remaining areas were categorized as rural. Seasons were classified as spring (March to May), summer (June to August), autumn (September to November) and winter (January, February and December).
Health-related variables involved smoking status, regular exercising or not, regular walking or not and obesity. Regular exercise was defined as moderate exercise regularly for <30 min at a time more than five times a week or intense exercise for >20 min at a time more than three times per week. Moderate exercise was defined as an activity that leaves the subject somewhat breathless and included badminton, table tennis, swimming slow or volleyball. Intense exercise was defined as an activity that causes the subject to be out of breath and included climbing, basketball, football, squash or running. Regular walking was defined as walking for >30 min at a time more than five times a week. On the nutritional survey, the participants were asked about the use of vitamin and mineral supplements, including the corresponding brand names of supplements. Based on the brand name, the quantities of vitamin D supplements consumed were calculated and categorized into three groups: none, 0-399 international unit (IU) and !400 IU. In addition, daily energy and protein intake were assessed using a 24-h recall method. Obesity was defined as a body mass index (BMI) !27.5 kg/m 2 [22] . Hypercholesterolemia was defined as a total cholesterol level !240 mg/dL, hypertriglyceridemia was defined as a triglyceride level !150 mg/dL and low HDL was defined as an HDL level < 40 mg/dL. Proteinuria was categorized into three groups according to the proteinuria degree measured by dipstick as negative, mild (trace to 11) or heavy (21 to 41).
Information about medical co-morbidities, such as hypertension, diabetes, cardiovascular disease and anemia, was collected. Hypertension was diagnosed when the participant was taking antihypertensive medications or had a systolic blood pressure !140 mmHg or a diastolic blood pressure !90 mmHg. Participants with fasting blood glucose levels of >126 mg/dL or who were taking pills or insulin to reduce their blood glucose levels were identified as having diabetes. Participants were defined as having cardiovascular disease if they had ever been diagnosed with coronary artery diseases or cerebrovascular diseases by a physician or were taking medication associated with cardiovascular disease. Anemia was defined as a hemoglobin level <13 g/dL for men and 12 g/dL for women.
Statistical analysis
The data are presented as frequencies and percentages for categorical variables and were analyzed with chi-squared tests. Continuous variables with a normal distribution were expressed as the mean AE SD and compared using Student's t-test. Non-normally distributed continuous variables were presented as medians (25-75% interquartile range) and compared using the Mann-Whitney U-test. Analysis of variance with polynomial contrasts and linear-by-linear association chi-squared tests were used to compare serum 25OHD levels and the prevalence of vitamin D deficiency for variables that were categorized into more than three classes. To estimate mean 25OHD levels adjusted for the presence of CKD across the seasons, analysis of covariance was performed using a generalized linear model. To identify the relationship between study variables and vitamin D deficiency, a univariate analysis was first performed, and the independent determinants of vitamin D deficiency were investigated using SAS version 9.2 (SAS Institute, Cary, NC) PROC SURVEYLOGISTIC to explain the weights, clusters and strata in the KNHANES IV. Statistical significance was defined as P < 0.05.
A Gaussian model was adapted to estimate the eGFR effect on serum 25OHD levels. To explore the continuous relationship between eGFR and 25OHD levels, we used generalized additive models (GAMs) with a smoothing function for eGFR [23] . In addition to the unadjusted analysis, four stepwise adjusted multivariate models were constructed. Model 1 was adjusted for age and gender; in Model 2, other demographic and healthrelated variables, including season, residential region, physical activity, obesity, the use of vitamin D supplements, daily energy and protein intake, were added. Model 3 was adjusted for all the factors in Model 2, with an additional adjustment for individual co-morbidities, and Model 4 was adjusted for all the factors in Model 3 with an additional adjustment for proteinuria. To estimate eGFR threshold for each model, we first selected the eGFR range and then fitted the GAM to quantify the relationship between eGFR and 25OHD. We used Akaike's information criterion (AIC) as a primary measure of model fit. For the AIC, lower numbers within the data set indicate a better model fit [24] . An eGFR threshold value was chosen based on the best fit determined by AIC among the models, with eGFR threshold values that differed in 0.2 increments. We then plotted the optimal criterion on the GAM model. Analyses were conducted using R 2.13.1 with the mgcv package (The Comprehensive R Archive Network: http://cran.r-project.org).
Results
Clinical and demographic characteristics
Of the 9744 participants in the second year of the KNHANES IV, 6529 adults aged 20 years or older were included in this study. Table 1 shows the clinical and demographic characteristics of the study population. The average age was 49.1 AE 16.3 years, 58.1% of the participants were women and 62.7% of the study subjects resided in an urban area. The distribution of the season of blood sampling was almost even across the entire examination duration. Hypertension was identified in 27.1% of the participants, diabetes in 8.8%, a history of cardiovascular disease in 4.2%, anemia in 10.0%, hypercholesterolemia in 8.2%, hypertriglyceridemia in 28.9% and low HDL in 16.5%. The mean eGFR value was 84.0 AE 17.7 mL/min/ 1.73m 2 . Proteinuria was observed in 9.0% of participants.
Variables associated with vitamin D deficiency and serum 25OHD levels Serum 25OHD levels were lognormally distributed (data not shown). The mean serum 25OHD level was 20.4 AE 9.1 ng/mL. Overall, 57.6 and 29.9% of participants had vitamin D insufficiency and deficiency, respectively. Serum 25OHD levels were significantly lower in women and vitamin D deficiency was also more prevalent in women.
There was a seasonal variation in serum 25OHD levels: the highest values occurred during the summer and the lowest values occurred in the spring (Figure 1a ). The differences of mean 25OHD levels across different seasons remained unchanged even after the adjustment for the presence of CKD defined as eGFR <60 mL/min/1.73m 2 ( Figure 1b ). Mean serum 25OHD levels were significantly lower (and vitamin D deficiency was significantly more prevalent) in participants who resided in urban areas, rarely undertook physical activity or had anemia or proteinuria. In addition, serum 25OHD concentrations were higher in subjects who took vitamin D supplements than in those who did not, showing a dose-dependent correlation. The prevalence of vitamin D deficiency was significantly lower inindividuals with hypertension, dyslipidemia (including hypercholesterolemia, hypertriglyceridemia, low HDL) or a history of cardiovascular disease ( Table 2) . 2 (as suggested in Figure 2 ), eGFR was dichotomized according to the criterion of 45 mL/min/ 1.73m 2 . The survey logistic regression model showed that eGFR levels <45 mL/min/1.73m 2 , mild and heavy proteinuria are independent predictors of vitamin D deficiency, with odds ratios of 2.483, 1.223 and 2.990, respectively (Table 3) .
Predictors of vitamin D deficiency
In addition, female gender, spring and winter seasons, urban residency, rare exercise and anemia were independently associated with vitamin D deficiency. In contrast, age and vitamin D supplementation, autumn season and daily protein intake showed an inverse relationship with vitamin D deficiency. Variables such as hypertension, cardiovascular disease and dyslipidemia, which seemed to be more prevalent in subjects without vitamin D deficiency in the univariate analysis, no longer showed correlations with vitamin D deficiency after adjustments.
The continuous relationship between eGFR and serum 25OHD and the eGFR threshold value that predicts changes in serum 25OHD levels Figure 3 shows the distribution of serum 25OHD and eGFR levels. No specific correlation between serum 25OHD and eGFR levels was observed until eGFR levels decreased to near 50 mL/min/1.73m 2 ; thereafter, 25OHD levels decreased continuously with decreasing eGFR. We then used GAM adjusted for confounding variables in a stepwise manner to further investigate the non-linear relationship between serum 25OHD and eGFR levels and to estimate the eGFR threshold below which serum 25OHD levels decreased rapidly. In each model, we used the AIC as primary measure of model fit. Table 4 shows that Model 4 adjusted for proteinuria and all related risk factors had the lowest AIC value and was the best-adapted model for estimating the threshold. Figure 4 displays the unadjusted and multivariate adjusted GAM plots. The GAM plot adjusted for all related factors, including demographic and healthrelated variables and various co-morbidities, estimated the eGFR threshold to be 55.4 mL/min/1.73m 2 and showed that the adjusted difference from the mean serum 25OHD started to increase as the eGFR decreased below the threshold.
Discussion
The identification of renal function level that is independently associated with inadequate vitamin D status or levels may provide an important management strategy for CKD patients. In this population-based study using data from a nationally representative survey, we found that an eGFR level <45 mL/min/1.73m 2 was independently associated with vitamin D deficiency. Notably, we also demonstrated that serum 25OHD levels start to decrease below an eGFR threshold of 55.4 mL/min/1.73m 2 independent of other confounding variables.
Despite the high prevalence and clinical significance of vitamin D deficiency in CKD patients [11] [12] [13] [14] , there have been conflicting data on the association between vitamin D levels and renal function itself. Gonzalez et al. [25] , in a single-center observational study, suggested that vitamin D deficiency is as high as 46% in CKD patients, but eGFR was not correlated with 25OHD levels. Similarly, crosssectional studies performed in the USA [19] and Japan [26] showed that 25OHD levels were not independently associated with eGFR or creatinine clearance. However, these studies have limited generalizability because they were based on a non-representative sample from a patient cohort or limited numbers of study subjects. In contrast, Chonchol and Scragg [27] , in a large-scale population-based study performed in the USA (NHANES 1988 (NHANES -1994 , demonstrated that the adjusted mean serum 25OHD level was decreased only in subjects with severely impaired renal function (eGFR < 30 mL/min/1.73m 2 ), whereas the levels were relatively stable in the earlier stages of CKD. Similarly, a recent large European CKD cohort study that examined the association between renal function and vitamin D deficiency found that the risk ratio for vitamin D deficiency (defined as serum 25OHD < 15 ng/mL) independently increased in patients with measured GFRs <30 mL/min/ 1.73m 2 [28] . In the present study, we found that vitamin D deficiency tends to occur in this population at an earlier stage of renal dysfunction compared with previous reports. We categorized the subjects with a five-digit eGFR interval and found that the prevalence of vitamin D deficiency continued to increase in the group with GFR <45 mL/min/ 1.73m 2 . We also confirmed that the dichotomized eGFR variables with the criterion of 45 mL/min/1.73m 2 remained independently associated with vitamin D deficiency in the multivariate logistic regression analysis. Because there is Continuous data are expressed as the mean 6 SD. Categorical data are expressed as n (%). eGFR was calculated using the modified MDRD formula [21] . 25-OHD and eGFRno consensus on the optimal 25OHD level required to reduce adverse health outcomes in CKD patients, we assessed whether eGFR was independently associated with serum 25OHD levels as a continuous variable. Because a non-linear association between serum 25OHD levels and eGFR appeared in the distribution plot, GAMs were applied to estimate the shape of the non-linear relationship and to determine whether a threshold exists in the relationship between eGFR and serum 25OHD. GAM is a nonparametric regression method that has been widely used because of its ability to address non-linearity between variables [23] . In this model, which was adjusted for various confounders, the difference from the mean serum 25OHD started to increase below an eGFR threshold of 55.4 mL/ min/1.73m 2 , which suggests that renal function itself is directly related to the serum 25OHD level when patients reach early Stage 3 CKD. The results may also provide strong epidemiological evidence for current clinical practice guidelines that suggest measuring and correcting serum 25OHD in Stages 3-5 CKD patients [15, 16] .
There are several reasons why the eGFR level related to vitamin D deficiency or reduced 25OHD levels is higher than the previously reported eGFR value of <30 mL/min/ 1.73m 2 [27] . First, the present study shows that overall prevalence of vitamin D deficiency in this population was 1.3-to 1.5-fold higher than that in a population of the USA [17, 27] , which suggests that the Korean adult population is vulnerable to vitamin D deficiency. This vulnerability, which may be the result of non-white ethnicity, a low vitamin D supplementation rate, a high smoking rate or unknown confounding factors, can make patients with Stage 3 CKD more susceptible to vitamin D deficiency. In this regard, the present study also suggests that the management of vitamin D deficiency should be adapted to the local situation according to a region-tailored guideline. Second, a growing epidemic of vitamin D deficiency can be considered to be a reason for the earlier occurrence of vitamin D deficiency during the course of CKD. Although the present study is the first to provide data on vitamin D status or levels in the Korean population, a recent study using the NHANES database in the USA demonstrated a a Vitamin D deficiency, serum 25-hydroxyvitamin D < 15 ng/mL. Continuous data are expressed as the mean 6 SD or median (interquartile range) and categorical data are expressed as n (%). Although the reasons for the apparent association between renal dysfunction and inadequate vitamin D status are unclear, several plausible pathophysiologic mechanisms can be suggested. Vitamin D has been known to be reabsorbed in the renal proximal tubule via megalin [29] , the expression of which decreases with renal dysfunction [30] . In addition, renal retention of phosphorus and increased fibroblast growth factor-23 in renal impairment may contribute to the reduced production of vitamin D [31] . Moreover, proteinuria that is frequently encountered in patients with renal dysfunction may be one of the mechanisms of vitamin D deficiency. Proteinuria has been implicated in vitamin D deficiency through the increased urinary loss of 25OHD and vitamin D-binding protein [32, 33] . Indeed, the inverse relationship between vitamin D levels and albuminuria has been addressed in a large population-based study [34] . This study, which used US NHANES III data, showed a stepwise increase in albuminuria with decreasing vitamin D levels. In addition, a crosssectional study of a CKD cohort demonstrated that low vitamin D levels were independently associated with albuminuria [35] . The association between vitamin D deficiency and albuminuria shown in the present study is in the same context as the previous studies. In addition, we demonstrated that the addition of proteinuria to a model that already included all the confounding variables improved the GAM, which suggests that proteinuria has an independent association with 25OHD levels that is independent of other variables. In addition to epidemiological data, several clinical trials have demonstrated an antiproteinuric effect of vitamin D receptor activators and nutritional vitamin D in CKD patients [36] [37] [38] [39] . Nevertheless, no guidelines for vitamin D treatment in patients with proteinuria have been established. Therefore, guidelines for vitamin D therapy in proteinuric patients are needed.
Previous studies have reported that vitamin D deficiency was more prevalent in the elderly population [1, 40, 41] . Unexpectedly, however, vitamin D deficiency was most 25-OHD and eGFRprevalent in the youngest age group in this study. The decrease in vitamin D status with aging is known to be caused by a reduced capacity for cutaneous cholecalciferol synthesis [42] . However, Scragg and Camargo [43] suggested that elderly people could synthesize vitamin D in amounts similar to those of younger people through daily outdoor activities. Indeed, similar to our study, the prevalence of vitamin D deficiency was highest in young people aged 19-24 years in an analysis of data from the population-based survey conducted in the UK [44] . Furthermore, a recent population-based study reported an attenuation of age-related differences of vitamin D deficiency [2] . We hypothesize that the higher prevalence of vitamin D deficiency among the younger participants in the present study is caused by unadjusted potential confoundings such as decreased outdoor activities and increased sunscreen use compared with older people. This study has some limitations that need to be addressed. First, the current analysis was unable to establish any causative nature or temporal relationship between vitamin D deficiency and its correlates because of the crosssectional design of the study. Second, there was a lack of information on dietary vitamin D intake that could exert an influence on vitamin D status. In addition, we could not obtain data on sun exposure, such as time spent outdoors and sunscreen use, which could affect cutaneous vitamin D synthesis. Third, the method for serum creatinine measurement was not calibrated to be traceable to IDMS. Thus, there is the possibility of under-estimating the GFR in participants with GFR >60 mL/min/1.73m 2 [45] . Finally, previous studies have demonstrated the association between inflammation and vitamin D status [35, 46] . Unfortunately, however, inflammatory markers such as C-reactive protein or interleukin-6 were not measured in the KNHANES IV. Thus, the fact that the effects of inflammation were not considered could be a limitation of the current study.
In conclusion, the eGFR criterion of 45 mL/min/1.73m 2 was significantly associated with vitamin D deficiency in a Korean adult population. In addition, serum 25OHD levels started to decrease below an eGFR level of~60 mL/min/1.73m 2 independent of other risk factors. This finding suggests that renal function is directly related to the serum 25OHD level, even in patients with Stage 3 CKD. Based on these data, more careful attention to vitamin D status and greater efforts to correct vitamin D deficiency may be needed when patients reach Stage 3 CKD, and longitudinal studies should be undertaken to identify the causal association between these two components. Furthermore, considering that the inverse correlation between vitamin D deficiency and proteinuria was reconfirmed in this study, further efforts are needed to institute guidelines for CKD management with respect to vitamin D status and proteinuria.
